The osmoprotectant betaine was incorporated into collection fluid and enumeration medium to determine its effects on the colony-forming abilities of airborne bacteria, which were collected from three separate locations: a wastewater treatment plant, the roof of a laboratory building, and an unobstructed farmland. At all locations, addition of 2 to 5 mM betaine caused a significant increase (from 21.6 to 61.3%) in colonial outgrowth, compared with the growth rate of controls without betaine. The presence of betaine in both the collection fluid and the enumeration medium had an additive effect on the colony-forming ability of airborne bacteria compared with the presence of betaine in either one alone. The effect of various betaine concentrations on the enumeration of aerosolized Pseudomonas syringae was determined. Betaine showed a threshold for maximum effect at a concentration of 2 to 5 mM. At higher concentrations (10 to 20 mM), the effects of betaine were negligible or possibly inhibitory. The significance of these results with respect to the development of protocols for monitoring airborne microorganisms, including genetically engineered microorganisms, is discussed.
The osmoprotectant betaine was incorporated into collection fluid and enumeration medium to determine its effects on the colony-forming abilities of airborne bacteria, which were collected from three separate locations: a wastewater treatment plant, the roof of a laboratory building, and an unobstructed farmland. At all locations, addition of 2 to 5 mM betaine caused a significant increase (from 21.6 to 61.3%) in colonial outgrowth, compared with the growth rate of controls without betaine. The presence of betaine in both the collection fluid and the enumeration medium had an additive effect on the colony-forming ability of airborne bacteria compared with the presence of betaine in either one alone. The effect of various betaine concentrations on the enumeration of aerosolized Pseudomonas syringae was determined. Betaine showed a threshold for maximum effect at a concentration of 2 to 5 mM. At higher concentrations (10 to 20 mM), the effects of betaine were negligible or possibly inhibitory. The significance of these results with respect to the development of protocols for monitoring airborne microorganisms, including genetically engineered microorganisms, is discussed.
In plant and mammalian cells, osmoregulation (adaptation to osmotic stress) is mediated through low-molecular-weight organic compounds like glycine betaine, proline, proline betaine (14) , taurine (3, 21) , trehalose (13) , and N-acetylglutaminyl-glutamine amide (19) . These molecules accumulate in and are transported from cells during osmotic stress, and they balance the osmotic strength of the cytoplasm with that of the environment, thus reducing damage due to dehydration (1, 11, 20, 24) .
Studies with bacteria have demonstrated the osmoprotective effects of betaine and other similar compounds, which prevent dehydration and stabilize enzyme activity in solutions of high ionic strength (17, 23) . In Lactobacillus acidophilus, betaine accumulation results in osmotolerance (9) . Betaine accumulation and transport are enhanced at high osmotic levels, whereas such activities are reduced at low osmotic levels. Although betaine transport in these cells requires the synthesis of ATP and occurs against a betaine concentration gradient, the accumulated betaine is not metabolized further (16) . A similar response is seen in the uptake of L-proline by osmotically stressed Salmonella typhimurium (5) and Escherichia coli (6) .
Betaine is an important component in osmoprotection of bacteria in seawater and other saline environments. Halophilic and halotolerant bacteria accumulate high levels of betaine (7, 10, 12) , and an increase in the survival of E. coli in seawater is accompanied by the synthesis of glycine betaine (15) . It has also been shown that osmotic stress in E. coli causes a rapid decline in colony-forming ability and that addition of betaine restores this ability (18 bacteria (22) . It is also possible that addition of an osmoprotectant compound like betaine may protect aerosolized bacteria.
In this study, we report the positive effects of betaine on the colony-forming abilities of airborne bacteria.
MATERIALS AND METHODS
Air samples were obtained from three locations: an activated sludge treatment tank from the Municipal Wastewater Treatment Plant (WWTP) in Albany, Oreg.; the second-floor roof of the U.S. Environmental Protection Agency Western Fish Toxicology Station laboratory building in Corvallis, Oreg.; and an unobstructed area at a local farm south of Corvallis, Oreg. Airborne bacteria were collected either (i) directly on agar plates containing 2 mM betaine (Sigma Chemical Co., St. Louis, Mo.) in slit samplers (New Brunswick Scientific Co., Edison, N.J.) or (ii) in All Glass Impingers (AGIs; Anderson Glass Works, Vineland, N.J.) containing 10 mM phosphate buffer (pH 7.0) with 2 mM betaine. In control experiments, airborne bacteria were collected without betaine. Samples from the AGIs were spread plated on media with or without 2 mM betaine.
MacConkey agar (MAC) and tryptic soy agar (TSA; Difco Laboratories, Detroit, Mich.) were used as enumeration media for air samples from the WWTP. For the other locations, only TSA was used. Cycloheximide was added at a concentration of 100 ,ug/ml to all media to inhibit fungal growth. All agar plates were incubated at 30°C for 36 to 48 h.
To determine the concentration of betaine that had the maximum effect on colony-forming ability, a suspension of Pseudomonas syringae (ca. 107 CFU/ml) in distilled water was sprayed in a greenhouse using a C02-pressurized sprayer (R & D Sprayers, Inc., Opelousas, La.). Aerosolized bacteria were collected in AGIs located 10 m downwind from the spray source. The collected bacteria were then enumerated on Luria-Bertani agar (Difco) plates containing 0 (control), 2, 5, 10, 15, or 20 mM betaine. Luria-Bertani agar plates were incubated at 30°C for 48 h.
All data obtained from these studies were transformed logarithmically and were subjected to analysis of variance by 
RESULTS
Results from all three locations show that there was a significant statistical increase (P < 0.01) in counts of airborne bacteria when 2 mM betaine was added to enumeration media, compared with the counts of the non-betainecontaining control (Table 1 ). The greatest increase in total bacterial count (61.3%) was seen on TSA plates at the WWTP. Addition of betaine to MAC, which was used at the WWTP, showed a modest but significant increase in counts (21.6%).
Betaine incorporation in TSA significantly (P < 0.01) increased the numbers of pigmented bacteria detected at the WWTP (61.6%) and farm (44.5%) locations. These data are summarized in Table 1 . The pigmented forms were predominantly yellow, with colony morphologies similar to those of Micrococcus species. Counts of pigmented bacteria were normalized to the counts of total bacteria detected. Thus, the values represent a proportional increase in the pigmented colonies beyond that due to the increase in total colonies.
To determine the effect of the incorporation of betaine into the AGI collection fluid, air samples were collected at the WWTP in AGIs with and without 5 mM betaine. Samples were then spread on TSA and MAC plates with and without betaine. The presence of betaine in both the collection fluid and the TSA enumeration medium significantly increased the colony-forming ability of airborne bacteria from the WWTP (P < 0.01) ( Table 2 ). Addition of betaine to either the AGIs or TSA alone also increased growth. However, this growth increase was less than when betaine was present in both the AGIs and TSA. Similar results were obtained when MAC was used as the enumeration medium (data not shown). Figure 1 shows the results of an experiment conducted to determine the effects of various betaine concentrations on the recovery and enumeration of aerosolized P. syringae. (Table 1 ). The presence of betaine in the enumeration medium also caused a disproportionate increase in the colony-forming abilities of pigmented organisms at the WWTP and at the farm ( Table  1) . The reasons for this phenomenon are not known.
When betaine was present in both the collection fluid and the enumeration medium, there was a significant increase in recovery of airborne bacteria beyond the recovery seen when betaine was present in either one alone (Table 3) . This indicates that betaine may have an additive effect and may be able to facilitate recovery of specific subpopulations of stressed organisms, which otherwise may not have been able to survive the short (20 min) incubation in the collection fluid.
Betaine is an effective protectant at low concentrations. concentrations of 2 to 5 mM (Fig. 1) (2) . This is an important consideration in the design of procedures for monitoring airborne microorganisms.
The present study shows that addition of an organic compound like betaine can significantly increase the colonyforming abilities of airborne bacteria. It is, therefore, possible to increase rates of recovery and efficiencies of enumeration media by relatively simple modifications. This, in turn, can lead to the development of procedures that can be used to monitor environmental releases of all airborne microorganisms, including genetically engineered microorganisms, more efficiently.
